Abscisic Acid Induces Formation of Floating Leaves in the

Heterophyllous Aquatic Angiosperm Potamogeton nodosus

Abstract. Potamogeton nodosus tubers produce floating-type instead of sub-
mersed-type leaves when exposed to 10~° molar synthetic abscisic acid. Abscisic
acid-induced leaves have stomata on upper leaf surfaces and higher widthllength
ratios than controls. These effects are wholly or partially overcome by simultaneous
exposure to abscisic acid combined with gibberellic acid, kinetin, or benzyladenine.

Potamogeton nodosus Poir. (Ameri-
can pondweed) is of agricultural and eco-
nomic importance because of its inter-
ference with conveyance of irrigation wa-
ter in many of the canal systems in the
western United States. This species is like
many heterophyllous aquatic angio-
sperms in that it produces two distinct
types of leaves: long, narrow submersed
leaves and ovate or elliptical floating
leaves (/). The floating leaves have phys-
ical characteristics of terrestrial leaves:
thick waxy cuticle, stomata on the upper
(adaxial) surface, palisade mesophyll
layer, and spongy mesophyll layer. In
addition, large air spaces (lacunae) are
present. Submersed leaves, which in this
species are generally produced before
floating leaves, are thin (three or four
cells thick), have no stomata or heavy
cuticle layer, lack large air spaces, and
do not show any significant differences
between ‘‘upper’’ and ‘‘lower’’ surfaces
(Fig. 1).

The physiological mechanisms con-
trolling the production of different leaf
types in heterophyllous hydrophytes are
not well understood, although some evi-
dence suggests a role for normal devel-
opmental sequences or ‘‘heteroblastic’’
development (2), photoperiod (3), nutri-
tional requirements (¢), external osmotic
conditions (5), and dehydration and hor-
monal effects (6). I have found that the
plant growth regulator abscisic acid
(ABA) induces the formation of floating
leaves in totally submersed germinating
tubers of P. nodosus, either at low con-
centrations (10~% to 10-5M) or on recov-
ery of vegetative tubers in which germi-
nation was initially inhibited by higher
concentrations of ABA (2 X 1075to § X
107°M). Combinations of other plant
growth regulators with ABA variously
mitigated the ABA-induced formation of
floating leaves, but none alone induced
their formation. I believe this to be the
first report of a specific plant growth reg-
ulator that causes the production of
floating leaves and inhibits the formation
of submersed leaves in a heterophyllous
aquatic angiosperm.

Vernalized tubers of P. nodosus
were germinated under controlled condi-
tions (7) in 1/100 strength Hoagland’s nu-
trient medium (8) alone or containing
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synthetic ABA, gibberellic acid (GA;),
benzyladenine (BA), kinetin (KT), or
combinations of ABA and these plant
growth regulators (9). The percentages
of successful germinations and general
growth and development were observed
after 14 days. Abscisic acid alone inhib-
ited germination completely at or above
5 X 1073M, partially at 2 X 1075M, and
not at all at 10~5M. This inhibition was
wholly or partially overcome by con-
comitant exposure to optimal concentra-
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tions of GA;, BA, or KT. However, inhi-
bition caused by ABA was not per-
manent, since ungerminated tubers
germinated within 14 days after transfer
to fresh medium not containing ABA.
Plants from recovered tubers differed
morphologically from those from un-
treated tubers in that the leaves were al-
most exclusively of the floating type. Mi-
croscopic examination of the upper and
lower surfaces of the ABA-induced float-
ing leaves revealed no differences from
normal floating leaves (Fig. 1). Stomata
were abundant on the upper leaf surface
and rare or absent on the lower surface.
The upper surface was waxy and ap-
peared identical to that of normally pro-
duced floating leaves.

The observed changes in leaf morphol-
ogy were quantified by two methods: leaf
width/length ratio, and presence or ab-
sence of stomata (percentage of leaves
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Fig. 1. Gross morphology (A) and light micrographs (B to E) of surfaces of leaves of germmated
Potamogeton nodosus tubers exposed to 10~3M abscisic acid (ABA) for 14 days and of con-
trols. (A to E) Pictures on the left are of floating-type leaves and those on the right are of
submersed-type leaves. (B and C) Upper and lower leaf surface, respectively, of ABA-
treated plants. (D and E) Upper and lower leaf surface, respectively, of control plants. Note the
presence of stomata on the upper leaf surface of ABA-treated plants (B). Floating-type leaves
produced during the normal development of untreated plants appear identical to (B) and (C).
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with stomata). Observations were made
on germinating tubers that had been ex-
posed to noninhibitory concentrations of
ABA (107¢ to 107°M), tubers allowed to
recover from inhibitory concentrations
of ABA, or tubers that had been exposed
to 107°M ABA beginning 7 days after
germination and continuing for 2 weeks
thereafter. Leaf measurements were also
made after exposure to combinations of
ABA with GA;, BA, or KT. The results
are shown in Fig. 2. It is clear that only
ABA (of the plant hormones used)
caused the production of leaves with
high width/length ratios, almost all of
which had floating leaf characteristics.
The ABA effect was partially overcome
by appropriate concentrations of GAg,
BA, or KT.

“Increasing concentrations of BA, GA;,
or KT in combination with ABA caused
a graded reduction in the leaf width/
length ratio. Benzyladenine was least ef-
fective, and GA; and KT were about
equally potent, reducing the width/length
ratio at around 107°M in the presence of
2 X 1075M ABA. However, the coun-
teracting effects of BA, GAj, and KT on
the production of stomata appear to be
transient. Thus, although fewer leaves
had stomata after exposure to ABA plus

the plant growth regulators at 10~°M for
2 weeks, after recovering in medium
without plant growth regulators for an
additional 2 weeks, most leaves had de-
veloped stomata (Fig. 2C). Similar re-
sults were obtained at 107*M GA; or
KT, but BA continued to exert a mitigat-
ing effect on the ABA-induced produc-
tion of stomata. It should be noted that
the number of stomata per unit leaf area
was not ascertained, only their presence
or absence. A more graded response
might have been obtained if the number
of stomata per square millimeter had
been determined. The results obtained
on exposure to ABA after germination
indicate that the effect is not dependent
on the presence of ABA during initiation
of germination (Fig. 2A).

The observed inhibition of tuber ger-
mination by ABA is consistent with re-
ports implicating ABA in the regulation
of dormancy in terrestrial plants (10).
Weber and Nooden (I1) also found that
ABA inhibits germination of vegetative
propagules (turions) in the aquatic angio-
sperm Myriophyllum spicatum, and that
the level of endogenous ABA varies sea-
sonally. Others have demonstrated that
GA; causes a decrease in the leaf width/
length ratio in aquatic and terrestrial

plants (6, 12), produces changes in
phyllotaxis in Xanthium pennsylvanicum
(13), suppresses the formation of terres-
trial-type leaves in the aquatic fern Mar-
silea drummondi (14), induces the forma-
tion of submerseéd-type shoots in Cal-
litriche stagnalis (6), and increases stem
growth and lateral bud formation in the
aquatic angiosperm Ceratophyllum de-
mersum (15).

The significance of the present report
is the demonstration of a novel plant re-
sponse to ABA that results in hetero-
phylly ~ by shifting the normal dif-
ferentiation of newly formed leaves from
the submersed to the floating type. This
is not merely an alteration in the relative
activities of meristematic regions of the
leaf primordia to produce a broader leaf;
rather, ABA causes differentiation of the
upper and lower leaf surfaces, leading to
the more complex floating leaf type.
Whether ABA acts directly on leaf dif-
ferentiation or only accelerates normal
ontogeny in P. nodosus is not clear. Ab-
scisic acid has been shown to cause “‘se-
nescence’’ responses in some terrestrial
plants (16), and it may function similarly
here. However, I have not observed
flowering in plants allowed to grow up to
4 months after exposure to ABA. Per-
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Fig. 2. Quantification of ABA-induced heterophylly in germinated tubers of Potamogeton nodosus. Data are duplicate (paired bars) means of 14-
day treatments with ABA, gibberellic acid (GA;), benzyladenine (BA), or kinetin (KT) alone, or in combinations of 2 X 10~°M ABA and one of
the plant growth regulators. (A and B) Leaf width/length ratios and standard errors (vertical lines). In (A), controls from three separate experi-
ments (first three bars) are shown to demonstrate normal variability in leaf width/length ratio. (C) Occurrence of stomata on leaf surface, means of
three or four leaves per plant, five plants per replicate. Numbers in parentheses are observation times, weeks after incubation began. Asterisks
indicate plants exposed to ABA 7 days after initiation of incubation, and corresponding untreated controls.
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haps the most similar reported effect is
the promotion of citrus bud callus forma-
tion by ABA (17).

The reported increases in endogenous
levels of ABA in water-stressed terrestri-
al plants (18) and in the aerial rosettes of
the aquatic angiosperm C. stagnalis (19)
suggest interesting theories of the normal
development of heterophylly in P. no-
dosus. In the natural habitat, the vegeta-
tive tubers usually germinate when com-
pletely underwater and the plant does
not produce floating leaves until the sub-
mersed-type leaves have reached the
surface. It is possible that desiccation of
the uppermost surfaces of those sub-
mersed leaves when they reach the sur-
face initiates production (or accumula-
tion) of ABA, which in turn promotes the
development of floating leaves at the
apical meristems. This would also ac-
count for the observation that floating
leaves are first produced in germlings at
the aerially exposed, damp margins of
ponds.

LARS W. J. ANDERSON
Aquatic Weed Control Research, U.S.
Department of Agriculture, Post Office
Box 25007, Denver, Colorado 80225
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Inhibition of Bone Formation During Space Flight

Abstract. Parameters of bone formation and resorption were measured in rats
orbited for 19.5 days aboard the Soviet Cosmos 782 biological satellite. The most
striking effects were on bone formation. During flight, rats formed significantly less
periosteal bone than did control rats on the ground. An arrest line at both the perios-
teum and the endosteum of flight animals suggests that a complete cessation of bone
growth occurred. During a 26-day postflight period, the defect in bone formation was
corrected. No significant changes in bone resorption were observed.

Changes in calcium homeostasis pre-
sent a potential problem during pro-
longed space flights. Significant de-
creases in bone density have been docu-
mented after space flight in humans by
photon absorptiometric techniques (/)
and in monkeys by x-ray densitometry
(2). Microscopic examination of long
bones of young Wistar rats after a 22-day
space flight aboard the Soviet biological
satellite Cosmos 605 suggested that bone
growth was inhibited during flight but re-
turned to normal by 27 days after flight
(3). Metabolic studies of Skylab astro-
nauts indicated that during flight there
was a significant increase in urinary cal-
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cium (¢), similar in degree to that ob-
served during bed rest (I, 5), but no
change in hydroxyproline (6). Since me-
chanical forces imposed by muscle utili-
zation and gravity influence bone turn-
over (7), prolonged recumbency or pro-
longed weightlessness with continuous
hypercalciuria and decreased bone mass
could ultimately result in osteoporosis.
To further define bone changes during
space flight, parameters including bone
formation and resorption were measured
in tetracycline-labeled rats orbited for
19.5 days aboard the Soviet Cosmos 782
biological satellite.

Specific pathogen-free, male Wistar

line 4

Fig. 1. Mineralized cross sections of rat tibial diaphysis from a flight control rat and a flight rat
killed 25 days after flight. The arrest line marks the beginning of the postflight period and was
not discernible in animals killed immediately after flight.
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